comorbidity is sleep-disordered breathing (SDB), which is more common in HF patients than in the general population. 7, 8 Data from the SchlaHF (Sleep-Disordered Breathing in Heart Failure) registry showed that SDB in HF is highly prevalent, with nearly half of all studied patients with HF with reduced ejection fraction (HFrEF) having moderate to severe SDB, and identifying a number of risk factors for SDB in these patients, including increasing age and body mass index (BMI), decreasing left ventricular ejection fraction (LVEF), male sex, and the presence of atrial fibrillation. However, SDB can take a number of forms, including obstructive sleep apnea (OSA), central sleep apnea (CSA) and periodic breathing (Cheyne-Stokes respiration, CSR). Many patients show a combination of different types of SDB breathing patterns that may change over the course of a night as well as over time. 10 Although both OSA and CSA/CSR have been shown to be independent predictors of worse outcome in HF patients, [11] [12] [13] [14] [15] [16] the different forms of SDB are likely to have different effects on the cardiovascular system. 17 The findings of a post hoc analysis of the SERVE-HF study provided some evidence that the impact of SDB and its treatment might be different in CSA and OSA, showing effect modification when the proportion of CSR at baseline was <20%. 18 The results of a multistate model analysis of SERVE-HF also showed that patients with poor ventricular function or a high proportion of CSR at baseline randomized to adaptive servo-ventilation were at the highest risk of experiencing cardiovascular death, and that this occurred without a preceding hospital admission. 9 Only a few studies to date have characterized different phenotypes for patients with HF and SDB. 16, [19] [20] [21] Tkacova et al reported coexisting OSA and CSA in 12 of 65 patients with HFrEF. 22 However, the reliability of these and other data was limited by the sample size, and studies were conducted in predominantly male patients not being treated with the most up-to-date HF therapies. In addition, periodic breathing was often not assessed.
Therefore, the aim of the present study was to determine the proportion of OSA, CSA and coexisting OSA-CSA, as well as the proportion and extent of CSR, in a large population of optimally treated HFrEF patients with SDB referred to a sleep laboratory. In addition, the clinical phenotype of the different SDB populations and risk factors in each group were assessed.
Methods Study Design
As described previously in the German SchlaHF registry, assessment of SDB using a 2-channel respiratory monitor (ApneaLink, ResMed, Australia, Sydney) was being performed in 256 centers (NCT01500759) with sufficient infrastructure to participate. • There are a number of different sleep-disordered breathing phenotypes in patients with heart failure and reduced ejection fraction.
What Are the Clinical Implications?
• A "one size fits all" approach to managing sleep-disordered breathing in patients with heart failure and reduced ejection fraction is unlikely to maximize clinical outcomes for each patient, and an individualized approach to therapy after definition of the sleep apnea phenotype would be more appropriate.
3 months before enrollment; primary hemodynamically significant uncorrected valvular heart disease (obstructive or regurgitant) or any valvular disease expected to require surgery; acute myocarditis/pericarditis within 6 months before enrollment.
Assessment of SDB
Diagnosis of OSA or CSA With Polysomnography
As described previously, 23 patients with positive SDB monitoring (AHI ≥15/h) and/or suspicious clinical symptoms were referred to a sleep laboratory, where polysomnography (PSG) was performed to make a definite diagnosis of SDB. A standardized qualification process was used to ensure comparability among centers in the scoring of respiratory events. Prior to participation, every center had to send at least 3 diagnostic respiratory scorings to a central lab that validated whether these scorings were performed according to a detailed operating manual for technical requirements of PSG and respiratory scoring. If quality was not acceptable, specific training was provided, followed by another quality assessment. A key element of the PSG scoring was the differentiation of apneas and hypopneas as central or obstructive using flattening of the inspiratory airflow curve, paradoxical breathing, arousal position, sleep stages, and breathing pattern at the end of the hypopnea. heart failure with reduced ejection fraction; NYHA, New York Heart Association; PSG, polysomnography; SDB, sleep-disordered breathing. † SDB or typical clinical symptoms indicative of SDB. *Incomplete data included patients with no data on SDB screening (n=390), age (n=1), body mass index (BMI; n=1), left ventricular ejection fraction (LVEF; n=1946), NYHA class (n=1957), atrial fibrillation (n=1977), and etiology of HFrEF (patients could have more than 1 piece of data missing). The high number of missing values for BMI, LVEF, and NYHA was due to recording of these variables being introduced to the registry after a protocol change.
PSG included brain activity (electroencephalogram), eye movement (electro-oculogram), muscle activity or skeletal muscle activation (electromyogram), heart rhythm (ECG), breathing and respiratory effort measures during sleep, as well as the recording of body position. Flow measurement was performed by nasal cannula and thermistor during diagnostic procedures.
Definitions for respiratory events were the same as those used in the SERVE-HF study. 18 Apnea was defined as >90%
reduction from baseline in peak amplitude of the signal from nasal cannula and oral thermistor, lasting ≥10 seconds. Hypopnea was defined as a ≥30% reduction in flow and a ≥3% desaturation from baseline for ≥10 seconds or as a ≥50% reduction in flow from the preevent baseline for ≥10 seconds. A central apnea was defined in the absence of thoracoabdominal excursions. If the central component of an apnea already satisfied the definition of a central apnea (ie, ≥10 seconds), 3 consecutive obstructive breaths were needed to classify that as an obstructive apnea. Just 1 or 2 obstructed breaths at the end of an apnea did not change the classification to a central event. Obstructive versus central hypopneas were determined based on the presence/absence of inspiratory flow limitation and/or paradoxical abdominal/ thoracic movements on respiratory inductance plethysmography if available. 25, 26 In contrast to SERVE-HF, 18 for this analysis the number of (central) apnea and hypopnea episodes per hour of sleep (AHI and cAHI [central apnea-hypopnea index], respectively) was determined and reported for total sleep time. SDB was defined as an AHI ≥15 per hour of sleep. Patients with SDB were stratified into 3 groups according to the proportion of central apneas and hypopneas in relation to total apnea and hypopneas: OSA (defined as cAHI/AHI 0% to 19.9%), coexisting obstructive sleep apnea+central sleep apnea (OSA-CSA, defined as cAHI/AHI ≥20.0% and <80%), and CSA (defined as cAHI/AHI ≥80.0%).
Polysomnographic Visual Assessment of CSR
CSR was defined as ≥3 episodes of continuous cycles of waxing and waning tidal volumes with periods of hyperventilation separated by central apneas or hypopneas. It was visually quantified by the presence or absence, and if present by the percentage of the recording time: <20%, ≥20% and <50%, ≥50%. 18 A subgroup analysis of the SERVE-HF trial indicated that adaptive servo-ventilation use in patients with HFrEF and CSA without CSR was associated with a lower risk of the primary end point (all-cause death or life-saving cardiovascular intervention plus unplanned hospitalization for worsening chronic heart failure). 18 
Blood Gases
Blood gases were determined in arterialized earlobe capillary blood taken during the day when patients were at rest.
Statistical Analysis
Descriptive statistics were absolute and relative frequency or meanAESD (whichever was appropriate). Because prevalences varied considerably among centers (cardiology practices or departments), presumably reflecting differences in patient populations, all inferential statistics were calculated with centers as a random term. A linear mixed model with percentage AHI/AHI as a continuous response variable was applied for the SDB severity analysis. A random effects logistic regression model with CSR ≥20% versus CSR <20% as the dichotomous response variable was applied to determine risk factors for CSR. Potential risk factors for both disorders analyzed were age, BMI, sex, LVEF, NYHA class, atrial fibrillation, ischemic origin, minimum SaO 2 , and PCO 2 . To study sex differences, interaction terms with all determined risk factors were added to the model and selected by backward elimination based on likelihood ratio tests. Results are visualized by forest plots showing adjusted regression coefficients or odds ratios together with 95% confidence intervals. A P-value of <0.05 was considered to be statistically significant. Statistical analysis was performed with STATA 14.1 (STATA Corporation, College Station, TX).
Results
A total of 9221 patients had stable HFrEF (NYHA class II-IV) and were screened for SDB. Of these, 1557 had certified scoring of laboratory PSG results and CSR classification and were included in this analysis (Figure 1 ).
Patient Characteristics
Type of SDB: OSA, OSA-CSA, and CSA In this population of SchlaHF registry participants, the most common form of SDB was coexisting OSA-CSA (624 patients, 40%); OSA and CSA were found in 452 (29%) and 481 (31%) patients, respectively. There were a number of statistically significant differences among patients with different types of SDB (Table 1) . Patients with OSA were younger than those with OSA-CSA, had a higher body mass index, LVEF, and NYHA class, were more likely to be female, less likely to have atrial fibrillation, be receiving ß-blockers, diuretics, and digitalis, and had lower oxygen levels and higher carbon dioxide levels (Table 1) . Other significant interpatient differences included a significantly higher proportion of men in the CSA versus OSA group, lower LVEF in those with CSA versus OSA-CSA or OSA-CSA versus OSA, and an increased prevalence of atrial fibrillation when the proportion of CSA was higher (Table 1) . Baseline data by sex are shown in Table S1 and Table S2 .
Type of Breathing Pattern: CSR
The majority of patients (59%) showed <20% CSR on PSG; the proportions of patients with ≥20% to <50% CSR and ≥50% CSR on PSG were similar (22% and 19%, respectively). Patients with less periodic breathing were significantly younger, significantly more likely to be female, had a significantly higher LVEF, and were significantly less likely to have atrial fibrillation in comparison to patients with CSR ≥50% (Table 2) . Patients with ≥50% CSR on PSG had a significantly higher AHI, cAHI, and apnea index than patients with lower proportions of CSR on PSG, and also spend more time with oxygen saturation at <90%; use of cardiac medication did not vary by the proportion of CSR on PSG ( Table 2) .
Influence of Sex
OSA was markedly more common in female heart failure patients compared with male patients with HFrEF, whereas men were more likely to have OSA-CSA or CSA (Figure 2 ). There were no important differences between male and female patients in the proportion of periodic breathing within different types of SDB ( Figure 3 ).
Different SDB Phenotypes
There was a clear relationship between greater proportions of central apneas and the presence of periodic breathing. Periodic breathing was seen infrequently in patients with OSA (both male and female) and was much higher (%50%) in patients with OSA-CSA or CSA, irrespective of sex ( Figure 3 ).
Clinical Risk Factors for Different SDB Phenotypes in HFrEF Patients With SDB

Central Sleep Apnea
The likelihood of having CSA (higher cAHI/AHI) rather than OSA (lower cAHI/AHI) was significantly higher in male versus female heart failure patients and those with versus without atrial fibrillation (Figure 4 ). In addition, there was a significant increase in the risk for higher cAHI/AHI as age increased and as awake PCO 2 and LVEF decreased. Conversely, the risk of CSA decreased significantly as BMI increased and minimum oxygen saturation decreased (Figure 4) . None of the interaction terms with sex was statistically significant.
Cheyne-Stokes Respiration
Male sex was significantly associated with the presence of periodic breathing, as were increasing age, the presence of atrial fibrillation, worsening left ventricular function, and decreasing awake PCO 2 ( Figure 5 ). The risk of having periodic breathing decreased significantly as BMI increased ( Figure 5 ). Again, none of the interaction terms with sex was statistically significant.
Discussion
This analysis of the SchlaHF registry has identified several major novel findings. The first is that a large proportion (40%) of a population with chronic HFrEF and SDB present with coexisting OSA and CSA. Clearly predominant OSA or CSA (≥80% obstructive or central events, respectively) was diagnosed in 29% and 31% of HFrEF patients with SDB. Second, although the proportion of patients with coexisting OSA and CSA was greater than the frequency of predominant OSA or CSA in men, the most common type of SDB in women was predominant OSA. Third, male sex, older age, lower BMI and LVEF, atrial fibrillation, and lower PCO 2 were identified as significant and independent clinical predictors for the presence of predominant CSA rather than OSA in patients with chronic HFrEF and SDB. Furthermore, periodic breathing (CSR for >20% of recording time) was present in 41% of HFrEF patients with SDB. Although only 3% of HFrEF patients with OSA had underlying CSR, a significant proportion of those with CSA (71%) had periodic breathing. Across all types of SDB, the frequency of periodic breathing was similar in men and women. Thus, significant and independent clinical predictors for the presence of periodic breathing were male sex, older age, lower BMI and LVEF, atrial fibrillation, and lower PCO 2 .
The finding that the most common form of SDB in our population of HFrEF patients was coexisting OSA and CSA is new-there are few published data reporting the rate of coexisting OSA and CSA in HF patients. 22 In terms of OSA in HFrEF patients, our rate of 29% is higher than values reported previously, which range from 11% to 26%. 16, 19, 20 Conversely, our CSA prevalence rate of 31% was somewhat lower than in some studies (37% to 40%) 19, 20 but higher than in another (26%). 16 None of these other studies reported data on the prevalence of coexisting OSA-CSA. Although OSA-CSA was the most common type of SDB overall, there were significant variations by sex, with predominant OSA being the most common type of SDB in women (46.1%) and predominant CSA being relatively less common (21.1%); the most common type of SDB in men was OSA-CSA (41.2%), similar to the overall result. Although there is growing interest in sex differences in SDB, 27 women are often underrepresented in clinical trials. In fact, some previous studies of SDB in HF patients have included only male subjects, 19, 20 making comparisons with the current data impossible. In 1 study of HFrEF patients with moderate to severe SDB, the prevalence of both OSA and CSA was significantly higher (by about 2.5-fold) in men than in women.
The rate of CSA in our study was about 1.5 times higher in men compared with women, but the opposite was the case for OSA, where the rate in women was 1.7 times higher than in men.
In terms of risk factors for predominant CSA, we identified male sex, older age, lower BMI and LVEF, atrial fibrillation, and lower PCO 2 as significant and independent clinical predictors for the presence of predominant CSA (versus predominant OSA) in our large population of patients with chronic HFrEF and SDB. These are largely consistent with existing data on CSA risk factors, which have been reported to include atrial fibrillation, ventricular arrhythmias, lower LVEF, low PCO 2 , older age, and male sex. 16, 19, 20 In our study, OSA was more common when BMI was high and NYHA class and oxygen saturation were lower. Interestingly, this analysis did not identify male sex and age as risk factors for OSA, in contrast to what has been reported previously. 16 In the SchlaHF registry population, almost half (41%) had CSR for >20% of the PSG recording time (defined as periodic breathing). This subgroup of HFrEF patients with SDB was shown to be at higher risk of experiencing a primary end-point event during treatment with adaptive servo-ventilation in a subgroup analysis of the SERVE-HF trial. 18 Therefore, these patients might represent 1 specific SDB phenotype in HF, with specific data available on which to define treatment options. In contrast to the sex differences we identified in the different types of SDB, the frequency of periodic breathing in the SchlaHF population was similar in men and women. This is a novel finding because sex comparisons were not possible in previous studies.
19,20 This is the first large study to look at different SDB phenotypes in patients with HF. Its strengths include the inclusion of a large population of male and female patients being treated with up-to-date, guideline-based medical and device therapy. Therefore, the results should be widely applicable to patients with HFrEF, but they cannot be generalized to those with HF and preserved ejection fraction, which were not included in the SchlaHF registry. Other limitations include its design as a registry analysis, meaning that data were not prospectively collected, and there is therefore a potential for bias. Of the HFrEF patients with an indication to undergo PSG, only 59% ultimately underwent PSG for a variety of reasons, such as long waiting periods in German sleep laboratories and possible insufficient subjective priority for a sleep study as defined by the referring cardiologist and the patient. In addition, there may be limitations on the amount of data available (eg, echocardiographic data other than LVEF), and information on confounding factors may be lacking.
Conclusions
These data from a large number of patients enrolled in the SchlaHF registry show that there is marked interindividual variability in the SDB phenotype of HFrEF patients, with many showing coexisting OSA-CSA. Taken together with data from recent large, randomized clinical trials, 18, 28 our findings suggest that all HF patients with SDB are not alike, and therefore, management strategies need to be tailored on an individual basis in order to optimize patient outcomes.
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